[ 1 ] Determining the mineralogy of Mars is an essential part of revealing the conditions of the surface and subsurface. A deconvolution method was used to remove atmospheric components and determine surface mineralogy from Thermal Emission Spectrometer data at 1 pixel per degree (ppd). Minerals are grouped into categories on the basis of compositional and spectral similarity, and global concentration maps are produced. All binned pixels are fit well with RMS errors of 0.005 in emissivity. Higher RMS errors are attributed to short wavelength particle size effects on dust-covered surfaces. Significant concentrations (>0.10) of plagioclase, high-Ca pyroxene, sheet silicates/high-Si glass, and hematite are detected and display distributions consistent with previous studies. Elevated concentrations of plagioclase and high-Ca pyroxene are consistent with basaltic surfaces and are located in low-albedo highlands regions north of $ 45° S. Significant concentrations of plagioclase and sheet silicates/high-Si glass and low concentrations of high-Ca pyroxenes are consistent with andesitic surfaces and are concentrated in both southern and northern high-latitude, low-albedo regions. Andesitic surfaces in the southern hemisphere have a lower spectral contrast than northern surfaces. An isolated surface located in Solis Planum is spectrally distinct but compositionally similar to other surfaces interpreted to be andesitic in composition. Concentrations of olivine below the detection limit correctly identify its presence in two of three locations. Potassium feldspar, low-Ca pyroxene, basaltic glass, olivine, sulfate, carbonate, quartz, and amphibole are not detected with confidence at 1 ppd. The results presented here indicate a predominance of volcanic compositions within Martian dust-free surfaces.
Introduction
[ 2] An essential part of revealing the present and past conditions of the surface and the subsurface of Mars is determining its mineralogy. Igneous compositions can provide insight into mechanisms such as crustal formati on, heat loss processes, and magma differenti ation. Knowledge of t hes e com pos it ions ca n al so be use d t o co nstr ai n oth er parameters such as bulk composition and source mat erials for the Marti an soil and dust. Evaporit e, clay, and other sedimentary compositions can provide confirmation of past liquid wate r environments on or near the surface. These material s may provide an idea of the temporal and spati al ex te nt of t he Ma r ti an wea t her ing reg i me. Hyd rot he rm al alteratio n can al so produce mineral signatures that indicate a past water-rich environment. Metamorp hic compo sitions can be used to constrain the extent to which burial and deformation al mechanis ms have occurred in the Martian past.
[ 3] The purpose of this study is to provide global distrib ut i on s o f M ar t i an su r f a ce ma t e r i al s. T he mi ne r al o gi ca l maps presented here allo w for recove ry of compositional di st ribut ions. This is di st inct from previ ous efforts that determined surface unit distributions, which had spectral sign atu re s defined before distributio ns were determined [ Bandfield et al., 2000a] . The compositions and distributions of ma t er ia ls o n t he su r f ac e hig hli gh t u niq ue as w el l as familiar cond itions and processes that have occurred during Mars' histor y. It is hoped that future studies will use the data set displayed here to help determine this history.
Previous Spectroscopi c Mineralogical Work 1.Low-albedo regions
[ 4 ] Low-albedo regions on Mars (lambert albedo of less than $0.20 based on albedo histograms of Mellon et al. [2000] ) have been known to contain distinct spectral absorptions near 1 and 2 m m as well as the 10 and 20 mm wavelength regions [Adams, 1968 [Adams, , 1974 Adams and McCord, 1969; Singer, 1980; Singer et al., 1979; Christensen, 1982; Singer and McSween, 1993; Mustard et al., 1993 Mustard et al., , 1997 Christensen, 1998 ]. Laboratory and telescopic and Phobos-2 Infrared Spectrometer for Mars (ISM) data have been used to determine the presence of Ca-rich pyroxenes and to conclude that olivine is not a dominant mineral phase [Singer, 1980; Singer et al., 1979; McCord et al., 1982; Mustard et al., 1993] . Mustard et al. [1997] investigated the $1 mm and the $2.2 mm absorptions in ISM data and argued for the coexistence of variable relative abundances of both low-Ca and high-Ca pyroxenes within several equatorial dark regions. The presence of these pyroxenes is consistent with the compositions of a variety of igneous compositions, including the olivine-poor SNC meteorites, basalts, andesites, and komatiites.
[5] Distinct absorptions in the 9 and 20 mm spectral regions were observed in Viking Infrared Thermal Mapper (IRTM) data [Christensen, 1982 [Christensen, , 1998 ]. The shape and depth of the absorptions correlate well with dark regions and are consistent with basalt-like sand surfaces. However, the coarse spectral resolution makes unique compositional determination impossible and atmospheric removal difficult [Christensen, 1998 ].
High-albedo regions
[6] A great deal of past spectroscopic work has focused on the composition of Martian high-albedo regions (lambert albedo of greater than $0.20 based on albedo histograms of Mellon et al. [2000] ). Investigations in the visible and near-infrared (VNIR) portions of the spectrum have been extensive with respect to Martian high-albedo, low thermal inertia (and presumably dusty) surfaces (see review by Bell [1996] ) [Bell et al., 2000; Morris et al., 2000] . While the details of this work are considerable, these surfaces may be partially characterized by poorly crystalline iron oxides. In addition, minor absorptions in the spectral shape strongly suggest a small amount of crystalline iron oxide ($2-4 wt%) [Bell et al., 1990; Morris et al., 1997] .
[7] The high-albedo regions of Mars display subtle spectral differences as seen by Viking and Phobos-2 orbiter, Pathfinder lander, and telescopic observations [Soderblom et al., 1978; McCord et al., 1982; Murchie et al., 1993; Geissler et al., 1993; Merenyi et al., 1996; Bell and Morris, 1999; Bell et al., 2000; Morris et al., 2000] . These results indicate spatial variations in the abundance and, possibly, the composition of well-crystallized iron oxide materials. Spectral detection of sulfate and other evaporite materials in the Martian soil and dust remains elusive despite abundant chemical evidence for oxidized sulfur [Toulmin et al., 1977; Clark et al., 1982; Morris et al., 2000] as well as evidence for duricrust material at the Viking and Pathfinder landing sites and from Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) images [Malin et al., 1998 ].
Atmospheric dust
[8] A number of studies have investigated the Martian atmospheric dust in thermal infrared wavelengths using both the Mariner 9 Infrared Interferometric Spectrometer (IRIS) and the IRTM instruments [e.g., Conrath et al., 1973; Toon et al., 1977; Martin and Richardson, 1993] . The $8-12 mm and $20 -50 mm wavelength regions contain prominent atmospheric dust absorptions coincident with those of a number of materials, including silicates, oxides, and sulfates. In order to perform compositional studies a number of physical effects that influence the absorption shape need to be accounted for, especially particle-size distribution and single-scattering albedo. These effects prohibit direct analysis of the measured spectra. Analyses of the Martian atmospheric dust have historically focused on the forward problem: using optical constants of various materials to simulate the measured Martian spectrum [Hunt et al., 1973; Aronson and Emslie, 1975; Toon et al., 1977; Clancy et al., 1995] . While the results have demonstrated that the Martian dust may be composed of materials similar to montmorillonite and palagonite, there are clear discrepancies between the Martian spectra and those approximated using the optical constants of these materials.
Previous Thermal Emission Spectrometer Results
[9] The Thermal Emission Spectrometer (TES) on board the MGS spacecraft has returned data in the 200 -1650 cm À1 ($6-50 mm) portion of the spectrum (see a brief instrument description below as well as thorough descriptions of the TES instrument and operations by Christensen et al. [1992] and Christensen et al. [2001a] ). A number of studies have been used to determine the spectral properties and composition of the surface of Mars.
[10] TES aerobraking data from the Sinus Meridiani region of Mars contain prominent absorptions at $300, 450, and >525 cm À1 , which closely match the absorptions of coarse-grained, gray hematite . Subsequent investigation of the global data set discovered additional concentrations of hematite within Aram Chaos and within the Ophir/Candor regions of Valles Marineris . Spectroscopic evidence indicates that these materials were most likely formed from precipitation from aqueous fluids, and morphologic features such as layered, friable units of these localities suggest a sedimentary environment . The hematite is distinct from the nanophase and red hematite detected in high-albedo regions that form under weathering and alteration processes.
[11] Inspection of atmospherically corrected Smith et al., 2000] TES data reveals distinct $400 and 1000 cm À1 absorptions in low-albedo regions, consistent with earlier studies [Christensen, 1982] . An initial study of atmospherically corrected spectra acquired of Cimmeria Terra revealed a surface composed primarily of plagioclase feldspar and high-Ca pyroxene that closely matches the spectral signature of typical terrestrial basaltic sands . Global mapping revealed two major distinct spectral units within Martian low-albedo regions [Bandfield et al., 2000a] . Average spectra of these two spectral units were isolated and, using both direct comparison with terrestrial samples and deconvolution techniques, were found to match basaltic and andesitic compositions. The basaltic mineralogy was found to be similar to that of Christensen et al. [2000b] , and the andesitic unit was dominated by plagioclase feldspar and high-Si glass. The andesitic units are most concentrated in the northern lowland regions, while the basaltic compositions are restricted to low-albedo regions in the southern highlands.
[12] High-albedo regions have very little absorption in the $400 and 1000 cm À1 spectral regions [Christensen, 1982; Bandfield et al., 2000b; Bandfield and Smith, 2001] . However, deep absorptions are present at short wavelengths outside of the wavelength regions covered by initial atmospheric correction methods [Bandfield and Smith, 2001] . This spectral signature is consistent with materials such as fine-grained silicates present on the surface. The deep shortwavelength absorption is correlated with low thermal inertia values, which are indicative of fine-grained particulates . The behavior of fine-grained particulate surfaces in the thermal infrared is not well understood, and compositions are difficult to confirm.
Goal of This Study
[13] This study extends upon the previous TES investigations and provides a global data set of surface mineralogy as determined by the TES instrument. The previous investigations discussed above have revealed many of the details of the TES data set and the methods used to interpret it. The data set and methods have been demonstrated to be consistent and robust, allowing for the transition from producing surface unit maps to global maps of individual minerals. In addition to investigating global surface compositions and mineralogies, the global mineral maps presented here may be used to discover locally or regionally distinct surface compositions that are not otherwise easily located.
Approach

TES Instrument and Data Set Overview
[14] The TES instrument is a Fourier Transform Michelson Interferometer that covers the wavelength range from 1700 to 200 cm À1 ($6 to 50 mm) at 10 or 5 cm À1 sampling . The instrument also contains bore-sighted thermal (5 -100 mm) and visible/near-infrared (0.3 -3.5 mm) bolometers. The focal planes in each wavelength consist of three cross-track and two along-track detectors with an instantaneous field of view of $8.5 mrad. The TES instrument uses a pointing mirror that allows for limited targeting capability, limb observations, image motion compensation (IMC), emission phase function measurements, and periodic calibration by observing space and an internal reference surface. The final 2 hour, $380 km altitude mapping orbit provides a surface sampling of 3 Â $8 km. The elongated pixel dimension is due to the final mapping orbit of MGS, which begins its orbit at 0200 local time (LT) rather than the intended 1400 LT because of damage to the solar panel that required lower aerobraking rates. Spacecraft direction relative to the surface is reversed, and IMC does not produce adequate results when stepping the mirror in the direction opposite that originally intended. As a result, spatial sampling is smeared in the along-track direction. For a complete description of the instrument as built and instrument operations, see Christensen et al. [2001a] .
[15] A linear response function for each of the six detectors is derived periodically from observations of space and an internal reference surface of known emissivity and temperature. Three scans each of space and the reference surface are taken and averaged for each detector. The linear response function allows for a simple conversion from raw spectra into calibrated radiance. All spectra used in this study were converted into apparent emissivity by dividing out a Planck curve of the highest brightness temperature within a band of 50 cm À1 . This brightness temperature is also assumed to be the surface temperature. For a complete description of radiometric calibration, see Christensen et al. [2001a] .
[16] The data used in this study were from the mapping orbit data set up to orbit 5317 (ock 7000, L s 104°-352°). The orbit range was restricted due to an instrument anomaly that grew progressively worse past this period. This anomaly causes a sporadic minor feature to appear in spectral data at $1000 cm
À1
. The cause of this anomaly is unclear at this time, though it is similar to other features that are correlated with spacecraft vibrations. Data were limited to spectra of surface temperatures >250 K, dust extinctions of <0.18 (1075 cm À1 opacity of $0.3), water ice extinctions of <0.1 (800 cm À1 opacity of $0.15), and emission angles of <30°. In addition, a number of quality parameters in the TES database were used to restrict anomalous data such as spectra containing phase inversions due to lost bits. Only 10 cm À1 data were used for this study, which represents >99% of the data collected for the orbit range used.
[17] The emissivity spectra were binned and averaged into a global map of 1 pixel per degree. This was done for two reasons: (1) Averaged spectral data contain a lower random and systematic noise level. (2) Processing time required to deconvolve the TES spectra is reduced by up to several orders of magnitude from about a year to several hours. Some concern may be raised in averaging spectra from two contrasting atmospheric conditions such as a spectrum measured during a dust storm and a spectrum measured over the aphelion water ice cloud belt. However, data were restricted to prevent such extreme atmospheric conditions, and atmospheric components have been demonstrated to combine in an extremely linear manner . As high resolutions are not necessary for this initial global study, only 1 pixel per degree maps are discussed in this paper.
Algorithm Description
[18] It has been demonstrated that the thermal infrared spectrum of a mixed surface may be closely modeled using a linear combination of the end-member spectra weighted by the aerial concentration of each end-member [Gillespie, 1992; Thomson and Salisbury, 1993; Ramsey and Christensen, 1998; Ramsey and Fink, 1999; Feely and Christensen, 1999; Hamilton and Christensen, 2000] . The deconvolution provides a linear least squares fit of the measured spectra using combinations of the endmember spectra, and the weightings represent the component areal abundances [Ramsey and Christensen, 1998 ].
[19] The linear model may be extended to the surface atmosphere interaction in the thermal infrared for Mars. Atmospheric correction and mineral abundance determination are performed simultaneously using the Deconvolution Method described by Bandfield et al. [2000b] , Christensen et al. [2000b] , and Smith et al. [2000] . This method assumes that each TES apparent emissivity spectrum may be modeled as a linear combination of both surface and atmospheric end-members [Bandfield et al., 2000a Smith et al., 2000] . The resulting concentrations of the surface component end-members may be normalized to retrieve their areal concentrations and the atmospheric concentrations represent extinctions that may be used with the retrieved temperature profile from the 667 cm À1 CO 2 band [Conrath et al., 2000] to retrieve atmospheric opacities.
[20] The least squares fit algorithm used here is similar to that described by Ramsey and Christensen [1998] . The routine is an iterative program that successively removes surface component concentrations that are less than zero and therefore unrealistic. This iterative process may find only a local, rather than global, minimum. Although this raises the possibility of inaccuracies, Feely and Christensen [1999] and Hamilton and Christensen [2000] have applied this method extensively and found no adverse or systematic defects due to the iterative process. Spectra were fit to the TES 10 cm À1 spectral channels 9 -35 and 65 -110, corresponding to 233 -508 cm À1 and 825-1301 cm
À1
, respectively. The extreme low and high wave number portions of the spectrum were cut out because they contain higher random and systematic noise levels and are marked by nearly continuous water vapor and CO 2 absorptions. The 508 -825 cm À1 spectral region was cut to remove the 667 cm À1 CO 2 absorption, which contains numerous sharp absorptions with opacities )1.
[21] Atmospheric dust and water ice spectral end-members were isolated using the target transformation and endmember recovery techniques as described by Bandfield et al. [2000b] . About 10 spectral shapes each of both atmospheric water ice and dust were isolated from individual data subsets. These atmospheric shapes could be categorized into two groups each for water ice and dust, and the retrieved spectra in each category was averaged to obtain the end-members used for this analysis (Figure 1 ). The dust end-members represent periods of high and low opacity , and the two water ice endmembers represent small and large particle size distributions that have been observed in the TES data set [Clancy et al., 2000] . Negative concentrations are allowed in the algorithm for the atmospheric end-members to allow for conditions outside of the range that is covered by the end-members. For example, if a period of data collection is characterized by lower dust opacities than represented between the two atmospheric dust end-members, the algorithm may extrapolate to this condition by using negative concentrations of the high-opacity atmospheric dust end-member and positive concentrations of the low atmospheric dust end-member. Negative concentrations of both end-members were never required to fit the TES spectra, and physical reality was not violated by the model. Though the atmospheric dust endmembers contain minor CO 2 and water vapor absorption bands, an additional synthetic water vapor [Smith, 2002] and a synthetic CO 2 spectrum (similar to Maguire [1977] ) formulated for the Martian atmosphere were added to better cover the range of conditions covered by the TES instrument at Mars [see Smith et al., 2001] . This allows for better coverage of the variable intensities of dust, water vapor, and CO 2 signatures, which can be independent and not completely modeled using only two spectral shapes.
End-Member Set
[22] Mineral end-members were selected to cover a broad range of compositions (Table 1) , and the majority was Figure 1 . Atmospheric particulate spectral shapes used for fitting the TES spectra (offset for clarity). Differences in atmospheric dust shapes are due to relative contribution of CO 2 and water vapor minor absorptions resulting from variations in atmospheric dust loading. Primary differences in water ice spectral shape are at $500 cm À1 due to variations in particle size.
selected from the Arizona State University spectral library [Christensen et al., 2000c] . Two glass spectra were included: a high-Si potassium glass similar to obsidian and a quenched basaltic glass. Both of these samples are described by Wyatt et al. [2001] . Although it is desirable to include many compositions to avoid making a priori assumptions, it is also necessary to limit the number of end-members to keep the least squares fit solution as stable as possible. When the number of linearly independent spectral end-members equals the number of spectral channels, the system is determined and the fit will be perfect regardless of the end-member set and the spectrum being fit. However, unless the number of end-members approaches the number of spectral channels, it is extremely unlikely for the algorithm to fit a spectrum with an arbitrary set of mineral spectra unrelated to those actually present. To balance these two opposing conditions, 32 minerals and glasses were selected in addition to 6 atmospheric endmembers and a blackbody to fit the 73 spectral channels of TES data used in this analysis. End-members were selected to emphasize igneous and sedimentary compositions.
[23] Several minerals were intentionally not included in the end-member set. Many metamorphic compositions, such as kyanite, garnet, and wollastonite, are not included in the end-member set as there is little evidence for the presence of these minerals on the Martian surface. Only one amphibole, an actinolite, was included in the end-member set. High concentrations of amphiboles have not been widely expected on the surface, nor has there been much indication of amphiboles from spectral and other data sets. Actinolite does not cover the variety of amphiboles by any measure, but the variety was limited to constrain the total number of end-members. Though actinolite, a metamorphic mineral, may not necessarily be the most likely amphibole present, its spectral signature is similar to its related minerals. As presented below, there is no sign of the presence of actinolite, and as a result, there is little evidence for amphiboles in general.
[24] An additional end-member not included was pigeonite, which has been widely expected to exist on the Martian surface in high abundances. A synthetic pigeonite sample has been used by Wyatt et al. [2001] ; however, the quality of the sample for use as a coarse particulate spectral standard is marginal. For this study it was decided not to include this sample, as its inclusion in previous attempts to deconvolve TES spectra has not significantly changed the results of this analysis or the quality of spectral fitting. Previous studies have noted that Martian meteorite samples with high amounts of pigeonite are not consistent with TES surface spectra Hamilton et al., 2001a] .
Output Data Sets
[25] The deconvolution algorithm produces several output data sets: end-member concentrations, modeled TES spectra, atmosphere-removed TES spectra, and modeled surface spectra. These are all in image cube form with 73 channels for the spectral output data sets and 40 channels for the concentrations (39 end-members plus RMS error). Output concentrations are primarily viewed spatially, while the other data sets are primarily used for spectral analysis.
[26] With the number of spectra numbering tens of millions, it is necessary to use methods such as those presented here to coherently investigate the entire data set. The purpose of the mineral concentration maps is to locate new spectral features in addition to providing spatial distributions of known spectral attributes. Spectrally unique regions may be indicated by either the RMS error image or the mineral concentration images. The RMS error image can indicate regions where spectral features are not matched well by the end-member spectra used to fit the measured TES spectra. Other factors, such as surface temperature and atmospheric effects may also greatly influence the RMS error, however. Mineral abundance images may also be used to locate mineralogically unique regions on the surface. This may be the case even when mineral concentrations are below detection limits. The mineral itself may not be confidently identified; however, if a spatially coherent pattern is present, there is some indication that the region is spectrally unique and may be investigated more closely.
[27] Minerals are reported throughout this paper as concentrations: the signal strength relative to the mineral endmember used in the deconvolution. The concentration can be affected by both the areal coverage of the individual minerals present as well as the surface texture, which affects spectral contrast. This is the most appropriate number to use for searching for and detecting the signature of a specific mineral because the number is not modified by additional BANDFIELD: GLOBAL MINERAL DISTRIBUTIONS ON MARS assumptions. Where rock types are discussed, it is more appropriate to use normalized mineral percentages to obtain relative mineral abundances.
Uncertainties
[28] The combined random and systematic error in emissivity as determined by Christensen et al. [2000b] for an average of six detectors and a surface temperature of 280 K is <0.0013 from 300 to 1100 cm À1 and increasing to 0.0035 at 1400 cm
À1
. Most of the 1 degree binned TES spectra included larger numbers of spectra in their averages as well as multiple orbits that significantly reduce the systematic noise introduced with calibration. As a result, the errors in measured emissivity may be significantly lower. As discussed above and by Bandfield et al. [2000a] , standard deviations in the surface spectral shape acquired of similar surfaces under clear atmospheric conditions are low (commonly 0.002 in emissivity or less).
[29] Systematic error due to atmospheric removal and the least squares fitting methods is also a significant source of uncertainty in Martian surface compositional analysis with TES. Two separate atmospheric correction methods were independently developed and applied to TES spectra of the same basaltic surface, each under widely different atmospheric conditions, to assess their uncertainties Christensen et al., 2000b] . Standard deviations are low throughout the spectral range used in this analysis, commonly at $0.002 in emissivity. Both atmospheric correction methods have been applied to surfaces of other compositions with similar results.
[30] Christensen et al. [2000b] used deconvolution results as well as visual analysis of synthetic spectral models to determine a mineral abundance accuracy and detection threshold of 10-15%. These abundances are after being normalized for blackbody used in the deconvolution, which is at concentrations of 40-50%, consistent with sandsized particulates. Since mineral concentrations reported here are absolute and not normalized for blackbody as previously reported abundances were, the accuracy and detection threshold has been determined before normalization and is correspondingly lower at $0.05-0.10 (5 -10%). Surface temperatures used in this analysis range from 250 to 310 K but are generally lower than the $280 K used by Christensen et al. [2000b] . Despite greater numbers of spectra used for averaging, lower surface temperatures as well as the use of generic atmospheric spectral shapes suggest that the upper limit (0.10) error should be used for the mineral maps presented here.
[31] Several other methods may be used to determine uncertainties in this analysis. Several mineral groups, such as oxides and carbonates, have spectral signatures with distinctive and sharp absorptions. When these materials are mixed in surfaces with a much lower degree of modulation within the wavelength regions of these sharp bands, their detectability by visual analysis and band matching techniques is greatly enhanced. Several minerals investigated by these methods with the TES data may be used as an independent method to establish the error and detection limits of the mineral maps presented here.
[32] Hematite was detected by the TES instrument on the basis of narrow and deep absorptions present at low wave numbers and even apparent in spectra with no atmospheric removal [Christensen et al., 2000c] . Band indices and careful visual analysis have inspected the TES data set for surface exposures of hematite with an error of $0.02 . These studies found no significant occurrences of hematite outside of Sinus Meridiani, Valles Marineris, and Aram Chaos. As the Valles Marineris hematite exposures were at the limit of TES resolution, they are not expected to be observed in 1 pixel per degree binned maps. The hematite mineral map, which will be discussed in detail below, does indicate that concentrations of 0.10-0.20 are present in the Aram Chaos and Sinus Meridiani locations. The maps also display concentrations elsewhere of 0 -0.10 in regions that Christensen et al. [2001b] found to contain concentrations of <0.02 hematite.
[33] Carbonate spectra contain prominent absorptions near 350, 890, and 1500 cm
. The 1500 cm À1 absorption is distinctive enough with respect to silicates to be easily detected visually. The lack of significant absorption in moderate-to low-albedo regions at 1500 cm À1 in TES spectra with minor CO 2 and water vapor absorptions removed may be used to limit carbonate concentrations to significantly less than 0.10 [Bandfield and Smith, 2001; Christensen et al., 2001a] . The carbonate mineral map (discussed in more detail below) commonly displays concentrations of $0.05-0.07 and up to $0.09 in the same regions where carbonate concentrations were limited by the previous studies. This feature is outside the spectral range covered by the algorithms presented here but is clearly not present within a spectrally flat continuum in surface spectra recovered by Bandfield and Smith [2001] . Visual inspection of the uncorrected TES spectra used in this study also did not display significant absorptions at these wavelengths within regions with relatively high concentrations recovered by the algorithm.
[34] The comparisons of the results presented here and previous studies of oxides and carbonates agree well with the 0.10 uncertainty and detection limit stated above. Strictly, errors are in fact different for each mineral and dependent on the concentrations of each other material present. These errors, however, are impossible to determine without first knowing the mineralogy. Analyses of deconvolution studies have found this error to be consistent in practice and not highly dependent on end-member mineral groups and unknown samples [Ramsey and Christensen, 1998; Feely and Christensen, 1999; Hamilton and Christensen, 2000] . Some dependence of error with individual end-member groups is expected, however, and Wyatt et al. [2001] found small systematic deconvolution errors within individual mineral groups for laboratory spectra from a range of mafic to intermediate volcanic compositions.
Results
Mineral Distributions
[35] Each of the mineral maps was placed into one of 11 categories (Table 1 ) and summed to produce a map for each mineral category. Selection of minerals for each category was based on spectral and compositional similarity. This was done to reduce error and increase confidence in the compositional maps, as it is easier to distinguish between a carbonate and a sulfate than it is to distinguish a calcite from 9 -6 a dolomite, for example. Each of the 11 categories contains spectral end-members that have clear, distinguishing features from the end-members in other categories. In most cases the spectral similarities are related to compositional similarities with the exception of high-Si glass and sheet silicates. It is difficult to confidently distinguish these two classes using deconvolution alone with general atmospheric end-members on binned orbital data from a variety of surface temperatures and atmospheric conditions. High-Si glass has been consistently identified and distinguished from sheet silicates using individually retrieved atmospheric end-members to recover surface spectral signatures under optimal conditions from a variety of high spectral contrast locations within individual orbits . All mineral concentration images were limited to areas with RMS errors between measured and modeled spectra of <0.005.
RMS error
[36] With several exceptions, all spectra were fit well with RMS error between measured and modeled spectra of less than $0.0045 in emissivity (Figures 2a and 3) . Much higher errors are encountered in (1% of the data near the extremes of coverage, including near the edges of the permanent polar caps and Hellas basin that are characterized by either cold and icy or warm and dusty atmospheric conditions. Dark regions and southern highlands regions produced lower RMS errors (less than $0.0015) than northern hemisphere light regions. There are several distinguishing areas of relatively high error outside of the fringe regions such as Arabia Terra to the northwest of Syrtis Major and to the northeast of Elysium. [39] Low-calcium pyroxenes have primarily low concentrations (0 -0.05) over the entire planet with the exception of some regions with slightly higher concentrations in northern hemisphere, low-albedo regions (0.05 -0.10; Figure 2a) . In all cases, low-Ca pyroxenes remain under the detection limit.
Sheet silicates and high-Si glass
[40] The sheet silicate and high-Si glass image is slightly noisier than the other maps (Figure 2a) . This is likely due to the spectral similarity between the sheet silicate and high-Si glass end-member group and the atmospheric dust spectral shapes. The highest concentrations are located in northern hemisphere low-albedo regions with concentrations of 0.05-0.20. High concentrations are also present in several isolated regions south of Solis Planum, southeast of Hellas Basin, and along the edge of the southern polar cap. Highalbedo regions contain 0 -0.10 sheet silicate and high-Si glass concentrations. Equatorial and southern hemisphere low-albedo regions have concentrations of 0.05-0.15 with the exception of the isolated areas mentioned. 3.1.5. Hematite 9 -8 northern hemisphere low-albedo regions, which have some surfaces with concentrations of 0.05 -0.10. These locations are not above the detection limit, and as discussed in the uncertainties section, the absence of hematite in these regions has been verified by other techniques. 3.1.6. Basaltic glass
[42] Basaltic glass has the highest concentrations within the central Acidalia region with several pixels approaching 0.10 concentrations (Figure 2a ). There are several locations of slightly increased concentration in northern hemisphere low-albedo regions. Concentrations of 0-0.05 are common throughout low-albedo equatorial surfaces with isolated pixels displaying concentrations >0.05. Outside of these regions, low-Si glass concentrations are <0.02. There are no detectable concentrations of basaltic glass reported here. 3.1.7. Olivine
[43] Olivine concentrations are not above the detectable limit anywhere on the map (Figure 2a) . Several areas consist of slightly elevated concentrations ($0.02 -0.05), including areas coincident with high concentrations of hematite as well as an isolated region within northeastern Syrtis Major and a low-albedo region immediately north of Argyre Basin. Several isolated pixels also display slightly higher concentrations in the far south. 3.1.8. Sulfates
[44] Sulfate concentrations are common throughout equatorial low-albedo regions, Acidalia, and the north polar sand seas at 0.05 -0.10 (Figure 2b ). These concentrations are present but more sporadic in other low-albedo regions. Concentrations just above 0.10 are present in several pixels within Acidalia. High-albedo regions are dominated by concentrations of 0 -0.05. Only several pixels within Acidalia are slightly above the detection limit.
Carbonates
[45] Carbonate minerals are not above the detection limit anywhere on the map (<0.10; Figure 2b ). Most areas are dominated by concentrations of 0 -5% with the exception of equatorial low-albedo regions. These surfaces commonly indicate concentrations of 0.05 -0.07. As discussed in the uncertainties section, other methods indicate that the actual concentrations are significantly lower in these regions. The $1500 cm À1 band is outside the spectral region of this algorithm, and the $350 and $890 cm À1 absorptions are being used at a low level to fit systematic errors in the data or in the atmospheric correction algorithm.
Quartz/amphibole
[46] Quartz and amphibole are not identified above the detection limit in any areas covered by this study ( Figure  2b ). Most surfaces are dominated by concentrations of 0 -0.01 of each of these mineral classes. Several separate, isolated regions have concentrations of each mineral group of 0.01-0.02.
Distinctive Regions
[47] Several local or regional compositions are immediately discernible from the RMS error and mineral concen- 
Solis Planum
[48] The sheet silicate and high-Si glass image (Figure 2a ) displays several localized surfaces of elevated concentrations in the southern hemisphere, most notably an isolated region within Solis Planum (97°W, 25°S) where several pixels have values >0.20. Twelve binned and averaged TES emissivity spectra were taken from pixels in this region with elevated sheet silicate and glass concentrations (Figure 4 ). Pixels were selected to minimize atmospheric dust and water ice opacities (t dust % 0.10-0.15, t ice < 0.05), and no unusual artifacts appear to be present. Surface spectral contrast is relatively high with a minimum emissivity of $0.95 at 1050 cm
À1
. The surface spectra were normalized to the average emissivity at 1300 cm À1 and 500 cm À1 to calculate the standard deviation in the spectral shape, which is an average of 0.0011. The surface spectral shape is compared to the andesitic spectrum of Bandfield et al. [2000a] (Figure 5 ). Though the overall character and shape of the two spectra are similar, there are several spectral regions where the two spectra are different. The trough of the $1000 cm À1 absorption is significantly broader and more rounded in the Solis Planum spectra. The steep slope at $500 cm À1 is also not as pronounced in the new spectra presented here. Discrepancies are also present at the extreme portions of the spectrum covered by this analysis. These discrepancies are coincident with CO 2 isotope bands at high wave numbers and water vapor rotational absorptions at low wave numbers, however. Mineral end-member concentrations do not differ significantly from those of Bandfield et al. [2000a] .
High RMS errors
[49] Several locations of anomalously high RMS error were identified and investigated within two high-albedo regions near 294°W, 40°N and 170°W, 40°N. No adverse temperature or spectral artifact conditions are present in the binned TES spectra (Figure 6 ), and atmospheric particulate opacities are low (t dust % 0.10 -0.15, t ice < 0.05). The least squares fit spectrum consistently deviates significantly (>0.005 emissivity) from the average measured spectrum in the 1200-1300 cm À1 wave number region (Figure 7) . A high-albedo, relatively low RMS error ($0.0025 versus $0.0045 RMS error in emissivity) region was selected to investigate the distinction between the two high-albedo surfaces. The residuals between measured and modeled spectra in both cases are similar in spectral character and magnitude with the exception that the high-albedo surface with the larger RMS error has higher magnitudes between $1200 and 1300 cm À1 . When this wavelength region is excluded from the least squares fit, RMS errors drop significantly from 0.0044 to 0.0022 and 0.237 to 0.0016 for the high and low RMS error high-albedo surfaces, respectively. In all cases, surface spectral contrast is low, and no minerals are near the detection limit (Table 2) .
Southern hemisphere andesite
[50] Low albedo surfaces south of $40°S display significant concentrations of plagioclase feldspar and sheet silicates and/or high-Si glass with low concentrations of other mineral groups, including high-Ca pyroxene (Figure 2 ). To ensure warm surfaces with low dust opacities, spectra were investigated within individual orbits rather than the binned maps (Table 2 ). The disappointingly quiet 2000 dust storm season on Mars provided a window of low dust opacity and high surface temperatures in the high latitudes within the southern hemisphere from heliocentric longitudes (L s ) of $250°-325°. Several dozen to several hundred spectra with atmospheric dust opacities of $0.15 -0.20 and no detectable water ice were averaged in each case from a spectrally homogeneous low-albedo surface. RMS error between measured and modeled spectra is low at an average of 0.0029 in emissivity, and all spectral features are reproduced well. Surface spectra vary in spectral contrast with 1050 cm À1 emissivities of $0.94-0.97. Surface spectra were normalized and standard deviations were calculated in a similar manner as discussed above to investigate spectral shape (Figures 8 and 9 ). Accounting for an average standard deviation of 0.0020, spectral shape is nearly identical to that of the Type 2 spectrum of Bandfield et al. [2000a] with the largest differences at the extreme wave numbers of the analysis that are coincident with atmospheric CO 2 and water vapor absorptions. End-member concentrations do not differ significantly from the andesitic surface spectral type of Bandfield et al. [2000a] ; however, surface spectral contrast is significantly lower with an average 1050 cm À1 emissivity of 0.965 versus 0.945 for the andesite spectral type.
Discussion
[51] No surface on the planet is dominated by any single mineral. All of the mineral maps must be taken into account in order to give an accurate impression of surface composition. The suite of materials present and their relative concentrations are necessary to identify rock type and conditions of genesis. This necessarily assumes that the surface is a single lithology and has not been subject to mixing due to limited spatial resolution or physical processes such as mixing of sand sources. The individual maps facilitate the location of unique areas such as those with hematite present.
[52] Several representative pixels from different surface types were isolated, and their mineral concentrations are listed in Table 3 . These concentrations are normalized to sum to 100% to better determine the rock type and to compare with previous results. The normalized percentages represent the areal coverage of the mineralogy of the coarse particulate surface. It must be assumed that the normalized concentrations represent the volumetric abundance to determine rock type and to compare to bulk mineral abundances derived from thin section techniques. Pixels were chosen Figure 6 . High-albedo region measured (solid) and modeled (dashed) TES spectra. The TES spectrum with less atmospheric dust absorption at $1075 cm À1 has significantly higher RMS error (0.00462 versus 0.00242 in emissivity) despite its very low dust opacity (t % 0.1 versus 0.2). The low dust opacity spectrum is a binned pixel from Arabia Terra and the higher dust opacity spectrum is from Amazonis Planitia, and they are listed in Table 3 . from the distinctive regions discussed above, regions characterized as basaltic and andesitic by Bandfield et al. [2000a] , as well as a hematite-rich area [Christensen et al., 2000c . These include a high-albedo region with relatively high RMS error from northeast Arabia Terra; a high-albedo region with a lower RMS error from southern Amazonis Planitia; an andesitic region from northern Acidalia Planitia; a basaltic region from central Syrtis Major; a high-latitude, low-albedo region pixel from southern Noachis Terra; a pixel from the unique Solis Planum region; and a hematite-rich pixel from Sinus Meridiani. These pixels will be used for comparison in this discussion.
Igneous Compositions and Distributions
[53] The results presented here are in good agreement with those of Bandfield et al. [2000a] . Table 4 lists the normalized concentrations of minerals reported by Bandfield et al. [2000b] in the same form as in Table 3 for comparison. The previously reported basaltic (Type 1) mineralogies are similar to those of the Syrtis Major pixel and are well within the uncertainties of both studies. One area of discrepancy is the relatively high (0.09), though still below the detection limit, carbonate concentration reported here. The previously reported mineralogy is from a much greater average and similar but slightly more precise technique than that applied here and is considered more accurate. The greater accuracy of the previous study, along with other results as discussed in the error analysis section, indicates that carbonates are indeed not detected. The Syrtis Major pixel has a mineralogy dominated by intermediate plagioclase and high-Ca pyroxene and is indicative of a typical terrestrial basalt or low silica basaltic andesite [Wyatt et al., 2001] .
[54] The distributions of basaltic compositions (regions with both significant high-Ca pyroxene and high plagioclase concentrations) on the surface are in general agreement with previous results [Bandfield et al., 2000a] . Significant concentrations of both of these mineral groups are present only in southern highlands regions. High-resolution studies of Figure 7 . Residual errors for the two high-albedo region spectra from Arabia Terra (solid) and Amazonis Planitia (dashed). The presence of fine particulate silicate surfaces within high-albedo regions and the lack of fine particulate end-members in the model prevent an adequate fit at <1200 cm
À1
, where deep surface absorptions are present. The character of the residual is similar between both regions but more intense within Arabia Terra. basaltic component distributions have located these materials, with a few isolated and notable exceptions, exclusively in the southern highlands [Rogers et al., 2001] . High-Ca pyroxene concentrations drop considerably relative to plagioclase at latitudes south of $40°S. This indicates a significant drop in the abundance of basalt on these surfaces. The highest concentrations of basalt are restricted to equatorial to midlatitude southern highlands regions.
[55] Three pixels representing distinct geographic locations have material concentrations that are similar to the andesitic (Type 2) composition reported by Bandfield et al. [2000a] . Sheet silicates and high-Si glass and plagioclase feldspar dominate these surfaces. Also indicated below the detection limit are both orthopyroxenes and high-Ca pyroxene and small amounts of sulfates, carbonates, and, in one instance, hematite. The results are all in good agreement with the previously reported compositions, though the Acidalia pixel has a slightly lower sheet silicate and high-Si glass concentration than previously reported. This is within the uncertainties of both techniques, especially after taking into account the normalization of the Acidalia pixel concentrations. These pixel mineralogies are representative of andesitic rocks dominated by intermediate plagioclase feldspar and silica-rich volcanic glass.
[56] This study does not discern between high-Si glass and sheet silicates because of their spectral similarity and the relative coarseness of the manner in which the techniques are applied. As a result, the andesitic surfaces may instead represent a separate composition dominated by plagioclase feldspars and weathering products. There are several observations that make this scenario unlikely.
[57] Bandfield et al. [2000a] did discern between sheet silicates and high-Si glass using both deconvolution results as well as distinct features present in the Martian surface spectra. Oxidized and clay varnishes, though similar in character to high-Si glass, do not reproduce the features present in the Martian surface spectra, especially the steep negative slope present at $500 cm À1 (see Figure 5 ). Although this feature is near the 667 cm À1 CO 2 fundamental, the confidence in its presence is high, and any systematic error present would increase its prominence, as the last 2-3 spectral samples near the cutoff at $530 cm À1 would be artificially depressed by minor CO 2 absorption on the wing of the band.
[58] These surfaces have both the spectral contrast and thermal inertias consistent with sand-sized particles [Christensen, 1982 [Christensen, , 1986 Bandfield et al., 2000a] , and both Viking and MOC images display active dune processes as well [Thomas, 1984; Edgett and Christensen, 1991; Thomas et al., 1999] , especially in the north polar sand seas that have these spectral signatures. Large abundances of weathering products are not common in eolian sands of a variety of dune fields. In addition, though surfaces of dark regions Figure 8 . Southern hemisphere high-latitude, low-albedo surface spectra from nine individual orbits (Table 2) . Individual surface retrievals (offset by 0.02) are normalized to the average spectral contrast. The average (thick solid) is shown with the standard deviation (dotted) of the normalized individual pixels.
clearly show a red color, indicating the presence of small amounts (less than $5%) of alteration products [Bell, 1996] , significant abundances of altered minerals are not consistent with previous spectroscopic observations.
[59] Surfaces interpreted to be andesitic in composition by Bandfield et al. [2000a] are similar to surfaces where the mineral maps display high concentrations of both plagioclase and sheet silicates and high-Si glass. The highest concentrations of both mineral groups combined are located in the northern lowlands low-albedo regions such as Acidalia and the north polar sand seas. With an exception discussed below, more moderate concentrations are located in equatorial and southern hemisphere lowalbedo surfaces.
[60] An isolated location of several hundred kilometers in diameter near 98°W, 25°S within Solis Planum displays high concentrations of both plagioclase and sheet silicates and high-Si glass. As shown in Figure 5 and Table 3 , this surface is similar in spectral shape and end-member concentrations to the other regions, such as Acidalia, interpreted to be andesitic in composition. However, as discussed above, the spectral shape does contain small but significant differences from the other andesitic surfaces even though this does not relate to significant differences in derived Figure 9 . Average southern hemisphere high-latitude surface spectrum (solid) and best fit of the Type 2 low-albedo andesitic surface of Bandfield et al. [2000b] (dashed). The first column is the actual retrieved concentration, and the second column is the normalized abundance.
mineralogy. Though still classified as andesitic in composition, these differences as well as its isolation from other surfaces of similar composition make this area unique.
[61] Low-resolution images display no relation between composition and surface morphology. The region appears smooth with numerous graben present that radiate from the Tharsis province to the northwest (Figure 10a) . Rough, heavily cratered terrain is located immediately southwest of the region of interest but does not show any clear relation with it. No morphological boundaries are apparent that would distinguish the spectrally distinctive surface within the Solis Planum region.
[62] A survey of high-resolution MOC images within the Solis Planum terrain that appears smooth in the low-resolution Viking mosaic image reveals an extremely rough surface on the scale of several to tens of meters (Figure 10b ) [Malin and Edgett, 2001] . Numerous small craters are present, and many appear subdued and eroded. There is no distinction in surface morphology between high-resolution images within and outside of the distinctive spectral unit. The high-resolution MOC images only coincided with localities of low to moderate concentrations of the distinctive spectral features, however.
[63] It is unlikely that this surface is mineralogically the same as other andesitic spectral regions with a small amount of an independent composition locally mixed in. The spectral shape is extremely constant (Figure 4) , and its location is isolated from other high concentrations of andesite materials. The brief view of context images displays nothing to distinguish this area from its immediate surroundings. Thermal inertia is moderate ($200 -350 [Mellon et al., 2000] and is also not distinct from the surrounding area. A more detailed study of available data sets is necessary to characterize this region, including highresolution thermal inertia and mineral concentration maps as well as a thorough investigation of high-resolution imagery.
[64] Significant concentrations of materials indistinguishable from andesitic surfaces in the northern hemisphere lowalbedo regions are present at high latitudes in southern hemisphere, low-albedo regions ( Figure 9, Table 3 ). Both the spectral signature and derived mineralogies are well within the uncertainties of the andesitic surface of Bandfield et al. [2000a] and have little, if any, character of the basaltic surface. This indicates a transition to andesitic surfaces at high latitudes in the southern hemisphere. The basaltic surfaces roughly form a southern equatorial band capped with andesitic surfaces at midlatitudes and high latitudes. The transition from basaltic to andesitic surfaces appears gradual with no obvious distinguishing boundaries, such as the dichotomy boundary to the north.
[65] These distributions are perplexing as much as they are surprising. The Earth and the Moon have fundamental but very different mechanisms responsible for striking global distributions of surface compositions. These two data points might not suggest that an intermediate-sized planet should have a homogeneous and simply basaltic surface. However, there is no plausible process offered here to explain the distributions of compositions on Mars, and it is unclear if there are distinct mechanisms responsible for the distributions of the two compositions. Andesite formation appears to be independent of crustal thickness [Zuber et al., 2000] and age, and basaltic surfaces are still restricted to generally older heavily cratered surfaces.
[66] Though the spectral shapes and relative mineral abundances may not be distinguished, the spectral contrast as well as absolute mineral concentrations are significantly smaller in these southern hemisphere regions. This suggests that a spectrally inert component, such as dust, might be intermixed. The coverage of the andesite and inert components is estimated to be 70 and 30%, respectively, from the relative spectral contrasts between the southern hemisphere andesite surfaces and the deeper contrast surfaces found in the northern hemisphere. This estimate assumes that the particle size and surface texture of the andesite are similar to those of surfaces with complete coverage such as the northern circumpolar sand seas. Thermal inertia as well as spectral data suggest that many surfaces in the southern hemisphere may be indurated [Christensen and Moore, 1992; Mellon et al., 2000; . These indurated surfaces have spectral signatures with emissivities close to unity that might contribute to the shallow spectrum .
Mineral Compositions and Distributions 4.2.1. Feldspar and pyroxene
[67] Feldspar compositions are dominated by intermediate to calcic plagioclase. Though plagioclase composition alone is not a good indicator of rock type, these results are consistent with basaltic and andesitic surfaces. The lack of potassium feldspar and sodic feldspars, such as albite, suggests a general lack of large quantities of rocks bearing these minerals, such as granites. Higher precision in determining feldspar compositions is difficult even in the laboratory and, with the uncertainties stated here, would not be significant.
[68] The only pyroxenes identified above the detection limit were high-Ca clinopyroxenes within basaltic surface types. Concentrations below the detection limit are present elsewhere. Small concentrations of orthopyroxenes are commonly indicated but are not above the detection limit. The concentrations within andesitic and basaltic regions are consistent with, but not unique to, typical andesitic and basaltic volcanic rocks, respectively. Intermediate to mafic compositions may contain a wide range of pyroxene compositions, which alone are not a good indicator of rock type for these compositions.
[69] The lack of a high-quality pigeonite end-member for this analysis presents some difficulty. Several Martian meteorites contain abundant pigeonite (see review by McSween [1994] ), and VNIR studies have found $1 and 2 mm absorption positions and shapes consistent with the presence of a pigeonite component [Mustard et al., 1997] . A study by Hamilton et al. [1997] using deconvolution methods on laboratory spectra of SNC meteorites could not adequately reproduce spectral features in meteorite samples with high pigeonite abundances, indicating that a pigeonite end-member is required to model spectra of surfaces with high abundances of pigeonite. The low RMS errors and ability to model all spectral features in TES spectra without pigeonite suggests that it is not a major surface component.
[70] Both pyroxene and plagioclase compositions and normalized abundances do not match well with most Martian meteorite mineralogies. In addition, laboratory spectra of Martian meteorites that could be acquired are not representative of Martian surface spectra Hamilton et al., 2001a] . This is not surprising, as most Martian meteorites are cumulates and are not necessarily representative of surface compositions. The basaltic shergottite meteorites are probably representative of at least near-surface volcanic compositions, however. Many basaltic shergottites have much higher low-Ca pyroxene and lower plagioclase abundances [McSween, 1994] than the normalized basaltic surface mineralogy derived here.
[71] Several basaltic shergottites do provide a better match to the basaltic surface composition, including QUE94201 and Los Angeles [Harvey et al., 1996; Rubin et al., 2000] . Both of these meteorites have higher Al contents and plagioclase abundances than other basaltic shergottites. Mineral abundances of Los Angeles (Table 4) agree within uncertainty limits to the TES basaltic surface composition. However, pyroxene compositions in Los Angeles are dominated by pigeonite and augite, of which only augite is consistent with this and previous studies, though the relative abundance of each pyroxene was not reported. TES data are roughly consistent with basaltic shergottite Martian meteorites with high Al contents.
[72] The discrepancy between Martian meteorites and TES-derived surface compositions is not so much in the differences in mineralogy, but the difference in variety. Greater than 99% of Martian low-albedo regions may be described by two volcanic compositions. A very limited sample of probably much less than 1% of the Martian near surface with the basaltic shergottites has yielded a host of different mineralogies. It must be stressed, however, that TES is measuring surface sands that may be locally homogenized, whereas the Martian meteorites are sampling bedrock.
Hematite
[73] The mineral maps discussed here do not approach the resolution of previous TES investigations of hematite . They do provide confidence in the ability to identify new or unique surfaces using the deconvolution and atmospheric correction techniques on a broad scale and with a large suite of endmembers. Both the Aram Chaos and Sinus Meridiani regions are confidently identified as containing significant quantities of hematite, and the maps do not display any false positives above the 0.10 detection limit.
Olivine
[74] Small quantities of olivine are identified in the mineral maps below the detection limit in Nili Fossae, Sinus Meridiani, and north of Argyre Basin. Other studies have detected unique spectral features present in TES data that closely match several olivine absorptions in both Nili Fossae and north of Argyre Basin [Hoefen and Clark, 2001; Hamilton et al., 2001b] . The Sinus Meridiani olivine concentrations correspond to areas with high hematite concentrations, and there is no independent evidence for the presence of olivine in this region. In three of three cases presented here, the olivine map pointed out areas of unique composition and in two of three cases identified the correct mineral component even though it is identified below the detection limit. Though conclusive evidence of olivine is not present in its mineral map, it distinctly points to regions of interest. The low resolution of the mineral distribution maps and the local nature of the deposits prevent the positive identification at concentrations above the detection limit. High-resolution olivine mineral maps binned at 4 pixels per degree do identify significant quantities of olivine in Nili Fossae and north of Argyre Basin in isolated pixels at 0.10 -0.15 concentrations consistent with the the 20-25% normalized abundances determined by Hamilton et al. [2001b] .
Sulfates/carbonate
[75] Neither sulfates nor carbonates are identified above the detection limit with the exception of several isolated pixels in Acidalia with sulfate concentrations at $0.10 -0.11. As discussed above in the error analysis, carbonates may be identified by other methods that have restricted its possible concentrations to less than is shown here [Bandfield and Smith, 2001; Christensen et al., 2001a] . Sulfates may be more À1 that would be superimposed on any silicate absorptions that might be present. Though technically slightly above the detection limit in several isolated pixels, there is little other evidence for sulfates when the atmospherically corrected spectra are inspected manually. The identification is not robust, and it remains premature to conclude the presence of sulfates on the Martian surface using TES data at this time. The method and results presented here are somewhat similar to those of Cooper and Mustard [2001] , and again, the positive identification of sulfates is not robust. Significant abundances of sulfates may be present in the fine-grained dust, however, and would escape detection in this analysis.
[76] Both carbonates and sulfates have spatially coherent patterns that are coincident with low-albedo regions. This probably represents systematic error in the results, and slight amounts of each mineral are used to compensate for a discrepancy when fitting the TES spectra. Previous results by Bandfield et al. [2000a] , which are considered more accurate, display lower concentrations of both mineral groups in low-albedo regions than are reported here. Spatially coherent patterns are necessary but not sufficient for a robust mineral identification.
Sheet silicates
[77] Sheet silicates are difficult to positively distinguish from high-Si glass, as their general spectral similarity requires a higher precision than is present with this general view of the entire planet. Previous studies have identified minor amounts of sheet silicate materials at or near the detection limit [Bandfield et al., 2000a; Christensen et al., 2000b] . Though sheet silicates have not been positively identified by this study or previous studies, the derived concentrations represent 10-15% areal abundances. These areal abundances are consistent with thin coatings or altered surfaces that are possibly present and represent <1% volume abundances. As discussed in the results section, significant concentrations of high-Si glass have been identified and distinguished from sheet silicates previously [Bandfield et al., 2000a] and are likely present where the sheet silicate and high-Si glass map displays high concentrations. 4.2.6. Quartz/amphibole/basaltic glass
[78] The lack of significant quantities of quartz, amphibole, and basaltic glass agrees well with the results discussed above. Significant quantities (>0.10) of quartz and amphibole would not be consistent with andesitic and basaltic compositions. Higher amounts of quartz could be present instead of, but not in addition to, the high concentrations of high-Si glass found in the andesitic surfaces. However, quartz and high-Si glass are easily distinguished spectrally, and the algorithm clearly favors high-Si glass over quartz. High-Si rock compositions (e.g., dacites and rhyolites) are not common on the Martian surface. The lack of high concentrations of basaltic glass suggests that quenching was not an important process in their formation.
High-Albedo Regions
[79] The spectral signature in high-albedo regions is not well modeled by coarse particulate materials, preventing the ability to recover accurate surface spectra using the deconvolution method. The character of the measured versus modeled spectra does indicate the general character of spectra in light regions. Most of the spectral regions studied can be modeled closely with atmospheric spectral shapes alone , indicating a surface with low spectral contrast. The poor fit at short wavelengths, however, indicates the presence of strong surface absorption.
[80] This general spectral shape is consistent with finegrained silicate materials. In fine-grained silicates, the $500 and 1000 cm À1 Restrahlen absorptions are considerably reduced in magnitude, and volume scattering effects are prominent at wavelengths short of the Christiansen frequency (greater than $1300 cm
À1
). Any analysis of these surfaces must have atmospheric correction extended to the shortest wavelengths of TES as has been performed using a multiple emission angle surface-atmosphere separation technique [Bandfield and Smith, 2001] . In addition, compositional analysis using fine-grained thermal infrared spectra has not been studied extensively and is poorly understood.
[81] The relative depth of the short-wavelength absorption may be measured in TES emissivity spectra without any atmospheric correction applied to it. This absorption can be quite deep ($0.9 emissivity) and displays a very consistent spatial pattern of band depth that is correlated with regions of high albedo and low thermal inertia. have mapped the depth of this absorption at 1350-1400 cm À1 as a dust cover index. This index corresponds closely with the RMS error image reported here, including the Amazonis and Arabia regions that have both anomalously high RMS errors and prominent short wavelength absorptions. This indicates that dustcovered surfaces are primarily responsible for high RMS errors because of the lack of fine particulate end-members, preventing a retrieval of any significant mineralogy. While much has been learned about the physical character of dustcovered surfaces on Mars, existing methods and techniques are not sufficient to extract compositional information in the thermal infrared with confidence despite some initial studies [Ramsey and Christensen, 1998 ].
Conclusions
[82] The global maps summarized in this work show the regional surface material distributions on Mars. Exposed coarse particulate material is dominated by igneous mineralogies. Previous spectroscopic results along with the hematite maps and the possible presence of sheet silicate materials are evidence that alteration and precipitation of minerals have occurred and were or are common at some level. There is little evidence, however, of metamorphic compositions on a large scale. While these general compositions are not unexpected for Mars, their specific compositions and relative locations provide evidence for previously suspected and some unexpected processes, past and present, in the Martian interior and on its surface. Addressing what processes are responsible for the mineralogy of the Martian surface is beyond the scope of this paper. However, future studies will be able to use the compositions and their distributions presented here to help determine what these processes were.
[83] The work presented here has demonstrated the following:
The only detectable pyroxene concentrations are highCa pyroxenes within low-latitude southern highlands regions. Smaller amounts of both low-Ca and high-Ca pyroxenes (<0.10 concentration) are identified in other lowalbedo regions but are not above the detection limit.
Plagioclase feldspar is identified in significant concentrations in all Martian low-albedo regions. No potassium feldspar is detected, and plagioclase compositions are intermediate to calcic.
Sheet silicates and high-Si glass have the highest concentrations in northern hemisphere low-albedo regions. With several localized exceptions, lesser concentrations are identified in other low-albedo regions.
Hematite is detected wherever previous, more intensive searches have detected it above the detection limit of this technique as applied to TES data. No areas were incorrectly identified as hematite rich.
Consistent with other studies, carbonate concentrations are not present above the detection limit.
Sulfate concentrations are present below the detection limit with the exception of several pixels within Acidalia that have sulfate concentrations just above the detection limit. There is little confidence in the actual detection of sulfates from this study based on inspection of the TES spectra.
Olivine is identified below the detection limit in several isolated areas. In two of three instances, these concentrations are consistent with other studies that have identified olivine.
Quartz, amphiboles, and basaltic glass are not identified above the detection limit in the 1 pixel per degree mineral maps.
Mineral map distributions and normalized mineral abundances are in general agreement with previous studies. Distributions and mineralogies are consistent with the highest concentrations of andesitic surfaces in the northern lowlands and basaltic surfaces confined to the southern highlands.
High-albedo regions do not display significant mineral concentrations. Regions of high RMS error in least squares fits correspond to areas of increased dust cover.
High-latitude, low-albedo surfaces in the southern hemisphere have the same spectral signature as andesitic surfaces in the northern hemisphere. Spectral contrast is lower in the southern hemisphere than the north. Regional scale basaltic surfaces are confined to a ''stripe'' of southern highlands low and midlatitude surfaces.
A localized area several hundred kilometers in diameter within Solis Planum has a distinct surface spectrum. The derived mineralogy of this region is not distinguishable from that of other surfaces with high plagioclase and high sheet silicate and high-Si glass concentrations. Low-and high-resolution images of this region do not point to any obvious source for this distinctive surface component. 2) except the RMS error image, which is 0 to 0.005 in emissivity from blue to red, respectively. Colors that are below the detection limit are hatched on the scale bar. The concentrations represent weightings relative to the mineral end-members used in the deconvolution (see text). Mineral groupings are described in the text and are listed in Table 1. 
